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RESEARCH

Size Distributions of Different Orders
of Kernels within the Oat Spikelet

Douglas C. Doehlert,* Jean-Luc Jannink, and Michael S. McMullen

ABSTRACT

Oat kernel size uniformity is of interest to the oat
milling industry because kernel size is impor-
tant in the dehulling process. Previous studies
indicated that oat kernel size distributions are
bimodal. In this study oat spikelets were dis-
sected into primary, secondary, and tertiary
kernels and kernel size distributions were deter-
mined for each of these kernel orders by digi-
tal image analysis. Spikelets with two kernels
are the most abundant, and their primary and
secondary kernels have distinctly different size
distributions. These two kernel spikelets appear
to be responsible for the bimodal distribution
observed among oat kernels. Primary kernels
from single kernel spikelets and primary, sec-
ondary, and tertiary kernels from triple kernel
spikelets all had different mean sizes and dis-
tributions. These kernels appeared to contrib-
ute to deviations from bimodal distributions.
Thus, data presented provide direct definitive
evidence that the non-Gaussian distributions
observed for oat kernel sizes are derived from
the combination of subpopulations from each
of the different orders of kernels from within
the spikelet. Sieving analysis of kernel types
indicated that for the samples analyzed here,
secondary kernels from two kernel spikelets
and tertiary kernels from three kernel spikelets
appear to contribute equally to undersized ker-
nels under 2 mm in width. Thus, from a kernel
size prospective, no advantage can be attrib-
uted to the elimination of three kernel spikelets
by selective breeding.

D.C. Doechlert, USDA-ARS Hard Red Spring and Durum Wheat Qual-
ity Laboratory, Harris Hall, North Dakota State University, Fargo, ND
58105; M. S. McMullen Dep. of Plant Sciences, Loftsgard Hall, North
Dakota State University, Fargo, ND 58105; J.-L. Jannink, USDA-ARS
Plant Soil and Nutrition Laboratory, Bradfield Hall, Cornell Univer-
sity, Ithaca, NY 14853. Received 9 July 2007. *Corresponding author
(douglas.doehlert@ndsu.edu). The mention of firm names or trade
products does not imply that they are endorsed or recommended by the
U.S. Department of Agriculture over other firms or similar products
not mentioned.

Abbreviations: BLUP, best linear unbiased predictor; DIA, digital image
analysis; D1, primary kernel from two-kernel spikelet; D2, secondary ker-
nel from two-kernel spikelet; Probl, probability of belonging to subpopula-
tion 1; S1, primary kernel from single kernel spikelet; T1, primary kernel
from three-kernel spikelet; T2, secondary kernel from three-kernel spike-
let; T3, tertiary kernel from three kernel spikelet.

OAT KERNEL SIZE distribution is of interest to the oat milling
industry because of the role that kernel size has in the dehull-
ing process. Different sizes of oat dehull optimally at different rotor
speeds of the impact dehuller used by the oat industry. Oat mills gen-
erally separate grain into streams of more uniformly-sized kernels to
optimize dehulling efficiency and mill yield (Deane and Commers,
1986; Ganssmann and Vorwerck, 1995). The development of digital
image analysis (DIA) has expedited the analysis of oat kernel size by
allowing the automated measurement of large numbers of kernels
from a single sample (Symons and Fulcher, 1988). Our previous stud-
ies using DIA have indicated that oat size distributions usually fit a
bimodal model better than a normal distribution (Doehlert et al.,
2004; 2005). We have suggested this bimodal distribution might be
attributed to the architecture of the oat spikelet.
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The oat spikelet contains one, two, or three kernels.
Double kernel spikelets usually comprise about 80% of the
spikelets (Takeda and Frey, 1980; Doechlert et al., 2002).
The primary kernel of the spikelet is distinctly larger than
the secondary kernel (Schneider, 1912; Zade, 1915; Berry,
1920; Mader, 1927; Milatz, 1933; Villers, 1935; Hutchinson
etal., 1952; Youngs and Shands, 1974; Doehlert et al., 2002;
Doehlert et al., 2005). We have suggested that the pre-
ponderance of two-kernel spikelets has led to the bimodal
kernel size distributions, where primary kernels from the
two-kernel spikelets make up the larger kernel subpopula-
tion and the secondary kernels make up the smaller ker-
nel subpopulation. The presence of single and triple kernel
spikelets were presumed to contribute to departures from
the bimodal distribution (Doehlert et al., 2005). Although
we have reported correlative data that supports this hypoth-
esis, we have not yet reported direct measurements of ker-
nel size distributions among different oat kernel orders. We
have developed a bimodal statistical analysis to facilitate
the analysis of oat kernel size distributions (Doehlert et al.,
2004). This analysis fits the kernel size distributions into
two normally distributed subpopulations and compares the
likelihood that the distributions better fit a single normally
distributed population or two normally distributed popula-
tions. It generates a probability that the distribution is better
described by a bimodal model and provides an estimation of
the relative size of one putative subpopulation to the other.
It also provides estimations of the mean size and variances
of each subpopulation. Comparison of distributions gen-
erated by the bimodal analysis closely matched the actual
distributions (Doehlert et al., 2005).

Some commercial interests discourage the production
of cultivars with high frequencies of triple kernel spikelets
because of potential contribution of the tertiary kernels
to the thin (less than 2 mm wide) kernel fraction, which
cannot be processed. However, our analyses (Doehlert et
al., 2005) have indicated no correlation among genotypes
between triple kernel spikelet frequency and percentage of
thin kernels. Also, among environments, there was a neg-
ative correlation between triple kernel spikelet frequency
and percentage of thin kernels. It appeared that secondary
kernels from double kernel spikelets contributed at least as
much as tertiary kernels to the thin kernel fraction, and
environments that generated more tertiary kernels also
generated larger kernels overall. In this study, where we
actually isolated the different kernel types, we sought to
determine directly the contribution of the different kernel
types to the thin kernel fraction.

The main objective in this study was to measure the
size distributions of kernels of diftferent orders within the
oat spikelet to test the hypothesis that the bimodal distri-
butions of oat kernel size are derived from subpopulations
of primary and secondary kernels from double kernel
spikelets. We accomplished this by the dissection of oat

spikelets and directly measuring the size of the different
kernel types. We also modified the bimodal analysis so
that it could identify a Probl value for each kernel type,
allowing unambiguous identification of the composition
of the two oat kernel subpopulations. We also tested size
distributions of these different kernel classes by using a
slotted sieve fractionation to determine the contribution
of the different kernel types to the thin kernel fraction to
test the hypothesis that tertiary kernels are not the pri-
mary source of thin kernels in an oat sample.

MATERIALS AND METHODS
Plant Material

Six genotypes of oat (Avena sativa L.) were used for this study
includingthe cultivar Morton, and the breedinglinesND 020118,
ND020220, ND020247, ND020371, and ND020440. These
genotypes were grown in four environments in North Dakota
(Carrington, Casselton, Edgeley, and Fargo) in 2004 using three
replicate plots per location. A seeding rate of 2.47 X 10° kernels
ha™! was used for all experiments. Herbicide treatments were
pre-emergence application of 3.93 kg ha™ propachlor and at the
3-leaf stage an application of 0.14 kg ha™ thifensulfuron, 0.07
kg ha! tribenuron and 0.14 kg ha™' clopyralid. Experimental
units were four 2.4-m rows spaced 0.3 m apart. The two center
rows were harvested with a two-row binder and threshed with
a plot thresher. The harvested grain was cleaned using a Clipper
(Bluftton, IN) Model 400 Office Tester and Cleaner fitted with
a 4.75 X 19-mm oblong hole sieve and with aspiration adjusted
so that kernels containing groats were not removed. The sieve
allowed all grain to pass through. Ten panicles were randomly
removed from bundles for spikelet analysis.

Panicle and Spikelet Analysis

Panicle and spikelet structures were analyzed by hand dissec-
tion. Initially all spikelets were stripped from the panicle and
were sorted according to the number of kernels each contained.
Then spikelets were dissected and for each spikelet type, kernels
were sorted according to their order, and weighed. Thus, data
for six kernel types were gathered, these being the primary ker-
nel from a single kernel spikelet (S1), the primary kernel from a
two-kernel spikelet (D1), secondary kernel from a two-kernel
spikelet (D2), the primary kernel from a three-kernel spikelet
(T1), the secondary kernel from a three-kernel spikelet (T2),
and the tertiary kernel from a three kernel spikelet (T3). From
these data, spikelets per panicle, kernels per panicle, grain mass
per panicle, mean mass per kernel, spikelet type frequencies,
and mean masses of different order kernels from each spikelet
type were recorded. Calculation of these values is described in
detail in Doehlert et al. (2002).

Digital Image Analysis

Kernel size was evaluated by digital image analysis. For each sam-
ple of ten panicles, kernels of each of the six types were pooled.
Entire samples were then photographed. If there were more then
ten grams of kernels in a sample, as was the case with some D1
samples, the sample was divided into two photographs. The pro-
tocols for photography and analysis were largely identical to those
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described by Dochlert et al. (2004), except a digital camera was
used instead of an analog (film) camera. The five megapixel images
were directly processed by photo editing software (Adobe Photo-
shop, San Jose, CA). Images were analyzed by the same Amphilion
(Amerinex Applied Imaging, Ambherst, MA) software described in
Dochlert et al. (2004) to measure length, width and image area.

Bimodal Analysis

Kernel image size data from each kernel type dissected from
the ten panicles were pooled into a data set, retaining the ker-
nel type and the kernel size information. Pooled data sets con-
tained information from 600 to 1000 kernels. Bimodal analysis
was performed as described in Doehlert et al. (2004). The pro-
gram analyzed the kernel distribution of the kernel sizes and
calculated the likelihood that the distributions would be best
described by a bimodal model or a normal distribution. It cal-
culated means and variances for kernel sizes within each puta-
tive subpopulation, a Probl value that was the probability that a
particular kernel would be in subpopulation 1 (the subpopula-
tion with the smaller mean), and finally, a bimodal coefficient.
Bimodal coefficients larger than 8.0 indicated that the distri-
bution under analysis was significantly better described by the
bimodal model rather than a normal distribution.

Two modifications were made to the expectation maximi-
zation procedure described in Doehlert et al. (2004). First, in
Doehlert et al. (2004), Probl was constrained such that 0.10 <
Probl < 0.90. Here we narrowed the constraint slightly with
0.15 < Probl < 0.85. In the absence of this constraint, in a
minority of cases the analysis took as subpopulation 1 a small
set of T3 kernels whereas in the majority of cases subpopu-
lation 1 was dominated by D2 kernels. With the constraint,
subpopulation 1 was always dominated by D2 kernels. Thus
the constraint ensured that subpopulation 1 had a consistent
biological interpretation across all plots. Second, the program
was modified to calculate the probability that each observed
kernel belonged to subpopulation 1, conditional on its size. For
kernel i this probability is denoted p,, and is calculated by apply-
ing Bayes’ theorem,

Prob1x f(y;|P)

f(Yi)
F(y;)=Prob1x f(y;|R)+ (1—Probl) x f(y,|P,)

where y, is the observation for kernel i andf(yi|Pj) is the normal

Pii

density function for y, conditional on the kernel i belonging to
subpopulation j. To calculate the probability that a given kernel
type could be found in subpopulation 1, the p,, were averaged
over all kernels of that type.

Proportions of subpopulationl represented by specific
kernel types were calculated by multiplying the Probl for that
kernel type by the proportion of that kernel type in the entire
population, dividing that value by the Probl for the entire sam-
ple, expressing the proportion as a percentage. The composition
of subpopulation 2 was calculated by an identical procedure,
substituting Prob2 for Probl1, where Prob2 was 1 minus Probl.

Sieving Analysis
Kernel type preparations (from panicle dissections) from each
were fractionated into size fractions with slotted sieves and a

sizer-shaker (Seedburo Company, Chicago IL). Grain samples
were sieved sequentially on slotted 2.58, 2.38, and 1.98-mm
sieves. All slots were 19.05 mm long. Grains held back by these
sieves were labeled as large, medium, and small, respectively.
Kernels that passed through the 1.98-mm sieve were labeled as
thin. Data are expressed as mass proportion of the entire sample
(summation of all size fractions and kernel types).

Experimental Design and Statistical Analysis
Within each of the four environments, field plots were arranged
in a randomized complete block design with three replicates. In
the analysis of variance, environments, genotypes, their inter-
action, and replication were considered random. The genotype
X environment interaction was used as the error term for test-
ing the genotype effect and the residual error was used to test
the genotype X environment interaction. Best linear unbiased
predictors (BLUP) of genotype and environment effects were
calculated and are presented augmented by the grand mean
of the measurement in question. The least significant differ-
ence between BLUP was calculated on the basis of the BLUP
standard error. In analyses where kernel type was considered a
treatment, the kernel type X environment interaction was used
as the error term for testing the effect of kernel type. These
statistical analyses, as well as calculation of frequency distri-
butions, means, variances, and coefficients of variation (CV)
were performed with the JMP statistical software package (SAS
Institute, Cary, NC).

RESULTS AND DISCUSSION

Variation in panicle characteristics for the six geno-
types used in this study are shown to demonstrate the
behavior of these genotypes in these environments
(Table 1). Morton, and ND020371 had more spike-
lets per panicle than other genotypes and ND020220,
ND0200247 and ND020440 had the fewest. Morton,
ND020118, and ND02371 had more kernels per pani-
cle than other genotypes and ND020220, ND020247,
and NDO020440 had the fewest. ND020118 kernels
had the greatest mass, whereas Morton, ND020247,
NDO020371, and ND020440 had the least mass. Morton
and ND020371 showed a low frequency of triple kernel
spikelets, whereas ND 020118 and ND020247 had high
triple kernel spikelet frequencies.

Location BLUPs of panicle characteristics (Table 2)
indicated significant environmental variation in spikelets
per panicle, kernels per panicle, and mean kernel mass, but
not in grain mass per panicle. Carrington had the high-
est triple kernel spikelet frequency. Carrington and Cas-
selton had the highest mean kernel mass. Although data
on panicle characteristics have been presented previously
(Doehlert et al., 2002), these results are shown to pro-
vide essential background to the effects of kernel type fre-
quencies to kernel size distributions of these genotypes
in specific environments. Significant genotype X loca-
tion interactions were observed for spikelets per panicle,
grain mass per panicle, percent single kernel spikelets, and
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Table 1. Best linear unbiased predictors of panicle characteristics of six oat genotypes grown in replicated plots at four loca-

tions in North Dakota in 2004.

Genotype Spikel_et per Kerne!s per Mean Mass: per Percgnt single Perce_nt double Perc_ent triple
paniclet panicle kernel mass panicle spikelets spikelets spikelets
mg g % % %

Morton 50.6 ab 92.2a 34.2¢ 3.15 bc 18.7 a 78.6 b 17d
ND020118 45.8 bc 92.2a 40.3a 3.68a 135b 737b 14.0 ab
ND020220 39.0d 734Db 376 Db 2.76 cd 19.4 a 72.2b 8.3 bc
ND020247 39.1d 78.6 b 34.5¢ 271d 183.8b 73.2b 14.3a
ND020371 52.2a 98.6 a 34.5¢c 3.40ab 18.0b 85.3a 11d
ND020440 40.5 cd 746 b 35.4 bc 2.65d 19.7 a 74.9 b 46cd

fValues with the same letter in the same column do not differ significantly at P < 0.05 (BLUP separation by least significant difference).

Table 2. Best linear unbiased predictors of panicle characteristics of six oat genotypes grown in replicated plots at four loca-

tions in North Dakota in 2004.

. Spikelet Kernels Mean Mass per Percent Percent double Percent triple
Location ot . : . . . .
per panicle per panicle kernel mass paniclet single spikelets spikelets spikelets
mg g % % %
Carrington 43.0Db 82.6b 37.6a 3.06 a 18.8a 68.9b 10.2a
Casselton 43.6 Db 83.8 ab 371 a 3.06 a 16.4 ab 775 a 7.4 ab
Edgeley 451 ab 84.8 ab 349b 3.06 a 18.0 a 76.2a 5.8b
Fargo 46.4 a 88.5a 34.8b 3.06 a 18.2b 82.7 a 59b

Values with the same letter in the same column do not differ significantly at P < 0.05 (BLUP separation by least significant difference).

#No variance among locations was found for mass per panicle, so the best predictor for all locations is the grand mean.

percent double kernel spikelets. The interactions appear
derived from differences in magnitude of responses of
genotypes in different environments.

Grand means of kernel type mass, frequency, and
kernel linear dimensions for the six genotypes across four
environments are shown in Table 3. As observed previously
(Takeda and Frey, 1980; Doehlert et al., 2002; Doehlert et
al., 2005), kernels from double kernel spikelets were the
most abundant, expressed either according to number or
mass. Rankings of kernel types according to kernel mass
were largely consistent with the ranking according to lin-
ear measures, including area, length and width (Table 3).
Bimodal analysis was modified to calculate the probabil-

ity that any particular kernel would be in subpopulation
1 of the two subpopulations postulated by the statistical
analysis (Table 3). This is the subpopulation with smaller
kernel size. Calculations based on values in Table 3 sug-
gested that 69.7% of subpopulation 1 was composed of D2
kernels, 12.0% was D1 kernels, 5.9% was S1 kernels, 0.7%
was T1 kernels, 5.0% was T2 kernels, and 6.9% was T3
kernels. Subpopulation 2 was composed of 77.4% D1 ker-
nels, 0.9% D2 kernels, 12.7% S1 kernels, 7.5% T1 kernels,
1.8% T2, kernels and 0% T3 kernels.

The bimodal distribution can be better visualized
by graphical analysis of the distributions of the different
kernel types. We present three examples to represent our

Table 3. Mass and linear dimensions of kernel types from six oat genotypes grown in replicated plots at four locations in North
Dakota in 2004. Values are means pooled from all replicates, genotypes and locations. Kernel linear size was determined by

digital image analysis.

Kernel typet  Percent by number*  Percent by mass Prob 1§ Kernel mass Kernelarea Kernel length Kernel width
% % mg mm? mm mm

Mean 0.57 ¢ 36.1d 23.5d 1.6d 296 e

D1 401 a 49.2 a 017 e 443 b 28.6b 13.0b 314 b

D2 40.1a 316b 0.99 a 28.5e 18.3f 101 f 277d

S 8.8b 9.5¢ 0.38d 38.9¢c 271 ¢ 125¢ 314 b

T 36¢C 49d 011 f 509 a 324 a 13.7 a 3.29a

T2 3.6¢C 3.5d 0.79b 35.6d 22.7 e M2e 3.03¢c

T3 36¢c 12e 1.00 a 18.0f 1079 739 217 f

D1 primary kernel from double kernel spikelet, D2 secondary kernel from double kernel spikelet, S1 primary kernel from single kernel spikelet, T1 primary kernel from triple
kernel spikelet, T2 secondary kernel from triple kernel spikelet, T3 tertiary kernel from triple kernel spikelet.

#Values with the same letter in the same column do not differ significantly at P < 0.05 (mean separation by least significant difference).

SThe probability that kernels of this type will fall within subpopulation 1, as defined by the bimodal model.
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Cv. Morton
Casselton
Location

-
(&)}

Frequency
=

Kemel Image Area, square mm

Figure 1. Size distributions of kernel types of Morton oat grown
in Casselton, ND in 2004. S1, primary kernels from single kernel
spikelets; D1, primary kernel from two-kernel spikelet; D2,
secondary kernel from two kernel spikelet; T1, primary kernel
from triple kernel spikelet; T2, secondary kernel from triple-kernel
spikelet; T3, tertiary kernel from triple kernel spikelet.

data. The first example is of Morton oat from Casselton
(Fig. 1), which represents a low triple kernel genotype at
a low triple kernel environment. This example is extreme
in that there were no triple kernel spikelets in this sample.
The bimodal pattern is very clear. The D2 kernels appear
to be confined to the mode containing the smaller sized
kernels, or what would be designated subpopulation 1 by
the bimodal analysis. There is some overlap of D1 kernels
into this subpopulation, although most of the D1 kernels
fall into what we would visually consider to be subpopula-
tion 2. More S1 kernels appear to fall into subpopulation 2
than subpopulation 1.

The second example represents another extreme,
NDO020247 from Carrington, where triple kernel spikelets
were relatively abundant (Fig. 2). This distribution appears
distinctly trimodal, where a third mode appears to be asso-
ciated with the T3 kernels. The bimodal analysis occasion-
ally identified the T3 mode as population 1 in samples with
high frequencies of triple kernel spikelets. We avoided this
problem by stipulating within the program a minimum
value of Probl of 0.15. This would require that subpopu-
lation 1 contained more than 15% of the total kernels in
the sample and resulted in subpopulation 1 being primarily
comprised of D2 kernels. Although T3 kernels are abun-
dant in number in this figure, they represented a small pro-
portion of the sample by mass. The T2 kernels contributed
strongly to the distribution of subpopulation 1, and shifted
the mode toward a value larger than the mean size of the
D2 kernels. The T1 kernels contributed to subpopulation 2
and presumably shifted the mean kernel size of subpopula-
tion 2 to a value larger than the mean of the D1 kernels.

The third example we present is the grand mean of
all genotypes from all environments (Fig. 3). The pattern

T st i
- 777 D1

Y b2
B T
=Ry
| [mm T3

ND020247 -
Carrington
Location

Frequency

-— -_— — -—
o N B O 00 ON BB O
Wzzzzzzzzzz M

30 40

Kernel Image Area, square mm

Figure 2. Size distributions of kernel types of ND020247 oat
grown in Carrington, ND in 2004. S1, primary kernels from single
kernel spikelets; D1, primary kernel from two-kernel spikelet; D2,
secondary kernel from two kernel spikelet; T1, primary kernel
from triple kernel spikelet; T2, secondary kernel from triple-kernel
spikelet; T3, tertiary kernel from triple kernel spikelet.

of the distribution appeared bimodal. As indicated by the
numerical distributions (Table 3) the distribution of S1
kernels was spread widely, but fell mostly in the range of
the subpopulation 2 (larger kernels). The D1 kernels were
primarily with subpopulation 2 (larger kernels), and the
D2 kernels were distinctly in the subpopulation 1 (smaller
kernels). The T1 kernels were mostly distributed on the
larger side of the subpopulation 2 mode. The T2 kernels fell
mostly in between the two modes, but a larger proportion
fell within subpopulation 1. The T3 kernels appeared to
form an additional mode smaller than subpopulation 1.

Among these distributions (Fig. 1, 2, 3), S1 kernel
distributions appear somewhat multi-modal among them-
selves. Takeda and Frey (1980) used a more discriminatory
segregation of kernel classes than used here, and identified
kernels from single kernel spikelets as being derived from
a primary floret, a secondary, or even a tertiary floret,
where other florets in the spikelet abort. Results of Rajala
and Peltonen-Sainio (2004) indicated that the cell number
is greater in primary kernels than in secondary kernels, so
that the potential size of a kernel may be predetermined
by cell number according to kernel order. Perhaps the
multi-modal distribution of S1 kernels stems from their
derivation from difterent orders of kernels.

Because high proportions of thin oat kernels are
often attributed to high tertiary kernel frequency, we
subjected the different kernel types to sieving analysis
(Table 4). Although about half of the T3 kernels were
thins, the T3 kernels accounted for less than half of the
total thin kernels. The D2 kernel type comprised 46.9%
of the undersized kernels. D1 and T2 kernels also con-
tributed to undersized kernels, but to lesser extents. The
total proportion of undersized kernel was less than 2%
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Figure 3. Size distributions of kernel types of six genotypes of
oat grown in four environments in 2004. S1, primary kernels from
single kernel spikelets; D1, primary kernel from two-kernel spikelet;
D2, secondary kernel from two kernel spikelet; T1, primary kernel
from triple kernel spikelet; T2, secondary kernel from triple-kernel
spikelet; T3, tertiary kernel from triple kernel spikelet.

of the total, which is low. The field conditions in which
these plots were grown were particularly favorable for
producing high quality grain and thus a relatively low
proportion of undersized kernels was observed. Past
experience (Doehlert et al., 2002) has suggested that
poorer growth conditions would generate more under-
sized kernels and less triple kernel spikelets. This would
result in a much higher relative contribution of D2 ker-
nels to the undersized kernel pool. Results reported here
reinforce conclusions from Docehlert et al. (2002) that D2
kernels contribute at least as much to undersized kernels
as do T3 kernels. Thus, we see no advandage from a ker-
nel size prospective, from the elimination of triple kernel
spikelets by selective breeding.

We compared the mean kernel size of the subpopula-
tion 1 and subpopulation 2 kernels as measured by kernel

Table 4. Kernel type composition of different oat kernel
size fractions generated by sequential sieving. Large ker-
nels (32.3% of total mass) were held back by 2.58 mm slots.
Medium kernels (38.3% of total mass) were held back by 2.38
mm slots. Small kernels (27.6% of total mass) were held back
by 1.98 mm slots. Thin kernels (1.65% of total mass) passed
through the 1.98 mm slot.

Typet % Large? % Medium % Small % Thins
D1 43.6a 52.8a 40.5a 72b
D2 22.2b 299b 42.4 a 46.9a
S 23.6b 70c 49b 0.6b
T 77¢C 49c 1.8b 01b
T2 3.0d 48c¢c 30b 1.0b
T3 0.0d 0.5d 74 b 443 a

D1 primary kernel from double kernel spikelet, D2 secondary kernel from double
kernel spikelet, S1 primary kernel from single kernel spikelet, T1 primary kernel from
triple kernel spikelet, T2 secondary kernel from triple kernel spikelet, T3 tertiary
kernel from triple kernel spikelet.

#Values with the same letter in the same column do not differ significantly at P < 0.05
(mean separation by least significant difference).

image area with the mean kernel areas of D1 and D2 ker-
nels (Table 5) for this data set. Here we sought to deter-
mine how well the bimodal analysis predicted the mean
sizes of D1 and D2 kernels. For kernel area, D1 kernels
had mean area of 28.6 mm?, whereas subpopulation 2 had
amean area of 29.5 mm?. These values differ by less than 1
mm?, which could be considered a small difference, how-
ever, a paired f test indicated that this was a significant
difference. Similarly, even though the difference between
the mean image area of D2 kernels and subpopulation 1
was only 0.7 mm?, this difference was significant by f test.
Similarly, small but significant differences were observed
in length between D1 and subpopulation 2, and D2 and
subpopulation 1. The width of D2 kernels did not differ
significantly from the width of subpopulation 2 kernels,
although the width of D1 kernels width differed sig-
nificantly from subpopulation 1 kernels (Table 5). Thus,
sizes of kernels from subpopulations 1 and 2 appear to
correspond well with sizes of D2 and D1 kernels. Breed-
ing efforts to improve oat kernel size uniformity could
possibly use the bimodal analysis to select for lines with
reduced size differences between D1 and D2 kernels.

The results presented here directly show that the
bimodal distribution of oat kernel sizes can be attributed
to subpopulations of primary and secondary kernels from
double-kernel oat spikelets. The primary kernels from
these spikelets clearly make up most of the larger sized
kernels of the subpopulation 2, and the smaller second-
ary kernels constitute most of the kernels of subpopulation
1 (Table 2, 3, Fig. 1, 2, 3). The distributions of S1, T1,
T2, and T3 kernels, as seen in Fig. 2, illustrate how the
presence of single and triple kernel spikelets can influence
the bimodal distribution. The T1 kernels were the larg-
est and fell on the large side of subpopulation 2, skewing
that peak toward the larger size. The T2 kernels often
fell between the two major modes, which diminished the
distinctiveness of both. The T3 kernels tended to form a

Table 5. Comparison of mean dimensions of D1 kernels (pri-
mary kernels from double kernel spikelets) with those of
subpopulation 2 as determined by bimodal analysis, and the
dimensions of D2 kernels (secondary kernels from double
kernel spikelets) with subpopulation 1, also determined by
bimodal analysis (n = 450).

Area Length Width

mm? mm mm
D1 28.6 13.2 3.20
Subpopulation 2 29.5 13.0 3.14
Paired t test > > -
D2 18.3 10.3 2.78
Subpopulation 1 19.0 10.1 2.77
Paired t test e b NS

**values differ significantly, P < 0.01
NS, not significant.
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separate smaller mode distinct from that of the D2 ker-
nels, which was incorporated into subpopulation 1 by the
bimodal analysis performed in this study.

The data that were gathered in this experiment
allowed us to test how well mean D1 and D2 kernel sizes
were predicted by the bimodal model (Table 5). We found
that D1 and D2 kernel sizes were predicted within 5% of
their measured sizes. The bimodal analysis usually pre-
dicted larger means than were actually observed. Graphi-
cal analysis would suggest that this shift was due to kernels
from triple kernel spikelets. Although these might be con-
sidered to be good predictive values for these kernel sizes,
the predicted values differed statistically (by paired ¢ test)
from the independently measured values. Our experience
has suggested that prediction of D1 and D2 kernel size
from DIA data is less time consuming than direct mea-
surement by spikelet dissection. Thus, such predicted val-
ues may be of considerable value to efforts attempting to
improve kernel size uniformity by reducing the size dif-
terences between D1 and D2 kernels.

CONCLUSIONS

The bimodal oat kernel size distribution is attributed to
the primary and secondary kernels of the double kernel
spikelet. Deviations from the bimodal distribution can be
attributed to single and, more importantly, triple kernel
spikelets. Although T3 kernels were largely undersized
for milling purposes, they comprised less than half of all
undersized kernels. The D2 kernels contributed as much
to undersized kernels as did T3 kernels.
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